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pathways in response to various hypertrophy stimuli (protein nutrition, anabolic drugs, exercise) (3, 10, 14, 17, 27, 41) , and we have shown that some of these induced signals regulate myofiber hypertrophy (e.g., eIF2Bε) (29) . On the other hand, little attention has been given to other potentially rate-limiting processes, including overall ribosomal capacity, which is dependent on efficiency and the number of available ribosomes. Here we tested the hypothesis that induction of ribosome biogenesis plays a central role in muscle regrowth using two human models.
First, we treated atrophied older adults with a stimulus known to induce widely divergent myofiber hypertrophy adaptations across individuals [resistance exercise training (RT)] as we (7) and others (13, 22, 31, 38) have shown. This offers the unique ability to probe potential mechanisms in humans by studying clusters of individuals based on responsiveness (e.g., nonresponders to extreme responders) via K-means cluster analysis. Interrogating ribosome biogenesis via cluster analysis in the current human trial was grounded on several lines of evidence we have published previously with this model, which suggest ribosome biogenesis may be a key regulator of myofiber regrowth: 1) only individuals with an extreme hypertrophic response to RT (Xtr) increased total muscle RNA content within the first 24 h following the initial bout of resistance exercise [while modest (Mod) and nonresponders (Non) did not] (25) . Because ϳ85% of total RNA in muscle is rRNA (43) , this suggests a rapid increase in ribosome biogenesis may be an important factor for maximizing RT-induced muscle growth. 2) Induction (phosphorylation) of p70S6 kinase, which modulates both translation initiation and ribosome biogenesis, was noted after the first exercise stimulus only in the Xtr cluster (29) . 3) Via microarray analysis of resting skeletal muscle, we found that the Mod and Xtr clusters had higher baseline levels (vs. Non) of several ribosomal protein mRNAs and higher mRNA levels of two major upstream regulators of ribosome biogenesis, c-Myc and n-Myc (46) . Furthermore, we recently reported that older adults, who, on average, realize less RT-induced hypertrophy than gender-matched young (8) , display a blunted increase in ribosome biogenesis following a bout of resistance exercise compared with young (42) . In addition to our work, a recent study (16) showed the extent of change in an individual's total muscle RNA content was positively correlated with the extent of change in muscle cross-sectional area (CSA) following 8 wk of RT, further suggesting ribosome biogenesis may be an important regulator of human myofiber hypertrophy.
Next, we tested whether ribosome biogenesis is necessary for cellular hypertrophy in human primary myotubes in vitro. Previous studies have used in vitro models to suggest that ribosome biogenesis may be an important factor contributing to muscle cell growth. For example, Nader et al. (34) have shown that FBS-induced myotube hypertrophy is associated with increased total RNA content, suggesting augmented ribosome biogenesis. Inhibition of mammalian target of rapamycin (mTOR) via rapamycin treatment blunted the increase in total RNA and ultimately blunted myotube hypertrophy. These data indicate that growth factor-induced ribosome biogenesis is at least partly controlled by mTOR-dependent increases in rRNA; however, it is not known to what extent this contributes to hypertrophy, since rapamycin treatment also blocks mTORmediated increases in translational efficiency. In separate experiments, Armstrong et al. showed that activation of the ␤-catenin/c-Myc pathway is increased during muscle hypertrophy (5), and is in fact required (6) . Given the importance of c-Myc in regulating ribosome biogenesis in all cells, these data strongly suggest ribosome biogenesis is necessary for successful muscle cell hypertrophy. Here, we directly tested this in human myotubes during FBS-induced hypertrophy in the absence or presence of a chemical inhibitor that prevents ribosome biogenesis by specifically blocking de novo Pol I-mediated transcription of rDNA to pre-rRNA. Based on our findings, we suggest the induction of ribosome biogenesis does indeed play a central role in myofiber hypertrophy, which has important implications for the development of treatments to induce muscle regrowth following aging-or disease-related atrophy.
METHODS
Subjects. Forty-two older adults (age 60 -75 yr) were recruited from the Birmingham, Alabama, metropolitan area. Each subject completed a comprehensive physical examination and a diagnostic graded exercise stress test with a 12-lead electrocardiogram before participation in the study. Individuals were excluded for: lidocaine allergy, prescription anticoagulants, acute illness or active infection, chronic end-stage disease, uncontrolled hypertension, unstable or exercise-induced angina pectoris or myocardial ischemia, diabetes mellitus, or any known contraindication to exercise training or testing. Additionally, subjects who were currently adherent to a weight reduction diet, had a body mass index of Ͼ30, or had performed regular resistance training during the previous three years were excluded from the study. The study was approved by the Institutional Review Board of the University of Alabama at Birmingham, and all subjects provided written informed consent before participation.
Resistance training protocol. Subjects underwent 4 wk of RT (3 days/wk) with an emphasis on knee extensor training. The RT program consisted of two sets of 8 -12 repetitions for 10 movements, including: machine squat, knee extension, leg press, heel raise, seated overhead press, incline chest press, seated cable row, arm curl, triceps push down, and abdominal flexion. The exercise intensity for each set was 60 -75% of the subject's one-repetition maximum strength [1RM; determined before training using our established methods (37) ], except for abdominal flexion, in which each set was performed to fatigue. This RT protocol resulted in neuromuscular strength and power adaptations, and also induced modest myofiber hypertrophy, allowing us to study the mechanisms regulating RT-induced muscle growth as the muscle was actively undergoing hypertrophy.
Dietary assessment. Before beginning RT, subjects met with a dietician to learn how to complete accurate 4-day diet records. Subjects were informed to consume ad libitum and to maintain a fairly consistent intake throughout the 4-wk training program. To supplement dietary protein, all subjects ingested 0.6 g/kg of whey protein isolate (provided by the U.S. Dairy Export Council) on exercise training days. One-half of the whey protein supplement (0.3 g/kg) was ingested before exercise, and the other one-half (0.3 g/kg) was ingested immediately postexercise. Four-day diet records were collected at the beginning of the study across two weekdays and two weekend days in succession to account for any weekend changes in dietary habits. Total energy, macronutrient, and amino acid intakes were determined using Nutrition Data Systems for Research (NDSR software version 5.0, Minneapolis, MN).
Muscle biopsies. Muscle samples were obtained before (week 0) and after (week 4) the RT protocol. Biopsies were performed under local anesthetic (1% lidocaine) from the vastus lateralis by percutaneous needle biopsy. All visible connective and adipose tissue was removed from the biopsy samples, and muscle samples were snapfrozen (Ϸ30 mg) in liquid nitrogen and stored at Ϫ80°C for future protein and RNA analysis. A separate portion for immunohistochemistry was mounted cross sectionally on cork in optimum cutting temperature mounting medium mixed with tragacanth gum and frozen in liquid nitrogen-cooled isopentane.
Immunohistochemistry. Myofiber type distribution (I, IIa, IIx) and type-specific myofiber size were assessed as previously described (7) via myosin heavy chain (MHC) isoform immunofluorescence microscopy. Briefly, 6-m muscle serial cross sections were fixed in 3% neutral-buffered formalin at room temperature for 45 min, washed in PBS, and blocked with 5% goat serum for 20 min. Anti-MHC type I (NCL-MHCs, 1:100; NovoCastra Laboratories), anti-MHC type IIa (1:80; University of Iowa Hybridoma Bank), and anti-laminin (VP-L551, 1:80; NovoCastra Laboratories) primary mouse monoclonal antibodies were used to detect type I myofibers, type IIa myofibers, and basal lamina, respectively (type IIx fibers are the remaining unstained fibers). Images used for fiber size analysis were captured at ϫ10, and images used for myonuclear number analysis were captured at ϫ20 using an Olympus BX51 fluorescent microscope with an Olympus MagnaFire SP camera (S99810). Image analysis for myofiber type distribution, CSA, and the number of myonuclei/fiber was performed by a technician blinded to age, sex, and time point using Image-Pro Plus 6.0 software as previously described (7, 35) .
RNA isolation and analysis. Muscle samples were pulverized, and total muscle RNA was isolated using Tri-Reagent (Molecular Research Center, Cincinnati, OH) in accordance with the manufacturer's instructions. RNA quantity was determined using a spectrophotometer (NanoDrop ND-1000; Thermo Scientific, Rockford, IL), and total RNA content/tissue weight was used as a surrogate marker of rRNA abundance. To more accurately assess rRNA abundance, a subset of RNA samples (n ϭ 19; 5 Non, 10 Mod, and 4 Xtr) with RNA integrity numbers (RIN) that were Ͼ5 (average RIN among all samples was Ϸ6, with no differences between clusters) were analyzed via electrophoretic separation using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). The bioanalyzer software generates an electropherogram with peaks corresponding to the 18S, 28S, and 5S rRNAs. The areas under these peaks were quantified, summed, and divided by tissue weight to obtain measures of rRNA abundance.
Protein isolation and analysis. Muscle samples were pulverized and homogenized in 6 l/mg of ice-cold lysis buffer [150 mM NaCl, 50 mM Tris·HCl (pH 7.4), 0.5% Nonidet P-40, 1% deoxycholate, 0.1% SDS, 1% Triton X-100, and 5 mM EDTA] with protease and phosphatase inhibitors (P2714 and P0044; Sigma) and centrifuged at 15,000 g for 40 min at 4°C. The supernatant was assayed for protein content using the bicinchonic acid (BCA) technique with BSA as a standard. Mixed muscle protein lysate (35 g) was resolved on 4 -12% SDS-PAGE gels and transferred to polyvinylidene difluoride membranes. Membranes were blotted with antibodies from Cell Sig- , total ␤-catenin (CS-8480), Frizzled-1 (Fzd1, AB-187122), and c-Myc (SC-788) to examine differences in upstream regulators of ribosome biogenesis. Additionally, to determine levels of select ribosomal proteins (rp), membranes were probed with antibodies against rpS3 (CS-9538), rpS6 (CS-2217), rpL3 (SC-86828), and rpL7a (CS-2403). Antibodies were used at a 1:1,000 dilution (except for c-Myc and UBF, which were 1:500, and rpS6, which was 1:2,000) in 5% goat serum (monoclonal antibodies) or 2% milk ϩ 2% BSA (polyclonal antibodies). Horseradish peroxidase-conjugated secondary antibody (Thermo Scientific) was used at 1:50,000 (wt/vol) dilution, followed by chemiluminescent detection in a Bio-Rad (Hercules, CA) ChemiDoc imaging system with band densitometry performed using BioRad Quantity One software (version 4.5.1).
Satellite cell isolation and in vitro experimental protocol. Skeletal muscle satellite cells were isolated from an untrained young adult male (28 yr) according to previously established procedures (30) . Briefly, Ϸ50 mg of muscle tissue were minced, subjected to pronase digestion, preplated to remove fibroblasts, and maintained on collagen-coated tissue culture plates at 37°C humid atmosphere with 5% CO 2. The myoblasts obtained from this protocol were grown in DMEM containing 20% FBS, 5 ng/ml fibroblast growth factor, 100 l/ml streptomycin, and 100 U/ml penicillin until they reached Ϸ80% confluence. Myoblasts were then switched to differentiation media (DMEM containing 2% horse serum, 100 l/ml streptomycin, and 100 U/ml penicillin) for 4 days to induce formation of multinucleated myotubes. To examine the role ribosome biogenesis plays in regulating growth factor-stimulated myotube hypertrophy, myotubes were treated for 24 h with either 20% FBS or 20% FBS ϩ CX-5461 (Millipore, Billerica, MA), a chemical inhibitor of Pol I-mediated pre-rRNA transcription. Importantly, CX-5461 does not directly inhibit DNA, mRNA, or protein synthesis, and is not cytotoxic in normal cells, up to a concentration of at least 10 M (15, 19). Our preliminary experiments showed that a CX-5461 concentration of 1 M can reduce growth factor-induced increases in rRNA by ϳ60% after 24 h, and that a concentration of 5 M can completely abolish the increase in rRNA. Thus, CX-5461 was reconstituted at a 5 M concentration in acetic acid, and the myotubes that were treated with only 20% FBS were treated with an equivalent amount of acetic acid (vehicle control).
Following treatment, protein and RNA were isolated from the myotubes (see protocols above). Additionally, myotubes were stained using a myosin heavy chain protein antibody (25 g/ml, MF-20; Developmental Studies Hybridoma Bank) and Alexa 488 secondary antibody. Cover slips were mounted with Prolong Gold (Life Technologies, Carlsbad, CA) containing 4=,6-diamidino-2-phenylindole for nuclei labeling, and images were captured at ϫ4 magnification. Myotube size was assessed using Adobe Photoshop CS6 according to previously established procedures (12) . A detailed protocol for this analysis is described (2) . Myotube total RNA and rRNA abundance were assessed similar to the protocol used for whole tissue (see above). For protein analysis, myotubes were lysed in 150 l of ice-cold RIPA buffer containing protease and phosphatase inhibitors. Cell lysate was centrifuged at 5,000 g for 5 min at 4°C, and supernatant was assayed using the BCA technique. Before being lysed, myotubes were given a 10-min pulse of puromycin (10 g/ml, P9620; Sigma) to assess protein synthesis rates using the surface sensing of translation technique (40) . Cell protein lysate (15 g) was resolved on 4 -12% SDS-PAGE gels, transferred to polyvinylidene difluoride membranes, and subsequently blotted with an anti-puromycin antibody (1:1,000; Millipore, Billercia, MA) to assess the amount of puromycin incorporation in newly synthesized proteins. Membranes were imaged using a Bio-Rad ChemiDoc imaging system (see above). All in vitro assays were performed in triplicate.
Statistical analysis. K-means cluster analysis was performed to identify three responder clusters based on the percent change in type II myofiber CSA from week 0 to week 4 (Statistica 12; StatSoft, Tulsa, OK). We defined the clusters as Non, Mod, and Xtr, corresponding to the individual subject's change in CSA (e.g., Non ϭ no change; Mod ϭ modest increase; Xtr ϭ extreme increase). Three by two repeated-measures ANOVA (cluster ϫ time) was used to examine differences between clusters for total RNA, rRNA, signaling proteins, ribosomal proteins, and number of myonuclei/type II fiber from preto post-RT. Fisher's least-significant difference post hoc analysis was used to examine any interaction effects. For in vitro experiments, unpaired t-tests were used to assess differences in RNA abundance, protein synthesis rates, and myotube volume between FBS (Ϯ CX-5461)-treated and control myotubes. Data are reported as means Ϯ SE, and statistical significance was set at P Յ 0.05.
RESULTS
K-means cluster. Overall, the 4-wk training program resulted in a significant increase in type II myofiber CSA (ϩ19%, P Ͻ 0.001), and a modest type IIx-to-IIa fiber type shift (Ϸ50% of type IIx fibers shifted to IIa) in the entire cohort of subjects. Post hoc K-means cluster analysis identified three distinct clusters based on the percent change in type II myofiber CSA from week 0 to week 4. The average percent change in type II myofiber CSA for Non was Ϫ7.4 Ϯ 8.5% (n ϭ 17), Mod was ϩ22.3 Ϯ 8.0% (n ϭ 19), and Xtr was ϩ83.4 Ϯ 19.7 (n ϭ 6) (Fig. 1) . There was no difference in baseline type I or type II myofiber size, or myofiber type distribution between clusters (Table 1) . Importantly, training intensity did not differ between clusters throughout the course of the 4-wk training period (e.g., all groups maintained Ϸ75% 1RM leg press training intensity). Additionally, when normalized to body weight, there were no differences in total energy, macronutrient, branched-chain amino acid, or leucine intakes between clusters (Table 1) .
Total RNA and rRNA abundance. Total RNA and rRNA abundance did not differ between clusters at baseline. Following 4 wk of RT, Non did not increase total RNA content, whereas Mod tended to increase (ϩ9%, P Ͻ 0.08) and Xtr significantly increased (ϩ26%, P Ͻ 0.01) RNA content, indicating augmented rRNA production in Mod and Xtr. Only Xtr significantly increased rRNA abundance as assessed by the Agilent 2100 Bioanalyzer following 4 wk RT (ϩ40%, P Ͻ 0.05) (Fig. 2) . While the Mod cluster did not appear to significantly increase rRNA, it is possible that a lower sample size for this assay did not allow us to detect a significant change in rRNA despite Mod tending to increase total RNA content.
Ribosomal protein content and markers of ribosome biogenesis signaling. We examined levels of several ribosomal proteins of the 40S and 60S subunits, and, contrary to the changes observed in rRNA, we did not find that levels of any of the ribosomal proteins increased following 4 wk of RT in any of the clusters. In fact, levels of rpS6 and rpL7a actually decreased from week 0 to week 4 (Ϫ22 and Ϫ27%, respectively, P Ͻ 0.05 for both). Interestingly, we found that levels of rpL3, a ribosomal protein recently found to be sensitive to mechanical loading (11) , had the highest levels in the Xtr group at baseline (ϩ21% vs. Non, ϩ19% vs. Mod, P Ͻ 0.05 and 0.07, respectively), although levels did not significantly change following RT (data not shown).
Overall, several markers of ribosome biogenesis changed from week 0 to week 4. Levels of c-Myc significantly increased among all groups, and follow-up of a cluster ϫ time interaction effect revealed that Mod and Xtr increased c-Myc levels to a greater extent than Non (ϩ357 and ϩ250% vs. ϩ51%, respectively; all P Ͻ 0.05) (Fig. 3) . Interestingly, both p-␤-catenin (Ser 33/37 /Thr 41 ) and total ␤-catenin levels decreased from week 0 to week 4 among all clusters (Ϫ33 and Ϫ28%, respectively, P Ͻ 0.001 for both). Upstream of ␤-catenin, a significant time effect revealed that Fzd1 levels increased from week 0 to week 4, and post hoc analysis showed that Xtr tended to increase the most when compared with the other groups (ϩ38%, P Ͻ 0.10).
Robust hypertrophy and rRNA accumulation are associated with myonuclear addition. There were no cluster differences in the baseline number of myonuclei per type II fiber, nor the baseline myonuclear domain (type II fiber CSA divided by myonuclei per fiber). Both Mod and Xtr significantly increased myonuclear domain from week 0 to week 4 (ϩ19 and ϩ40%, respectively, both P Ͻ 0.01; data not shown). Post hoc analysis of a cluster ϫ time interaction effect revealed that only Xtr significantly increased the number of myonuclei per type II fiber (ϩ32%, P Ͻ 0.01; Fig. 4) .
Pol I inhibition blunts growth factor-induced myotube hypertrophy. Following terminal differentiation, myotubes treated with 20% FBS for 24 h significantly increased total RNA content (ϩ61%, P Ͻ 0.01), protein synthetic rates (ϩ22%, P Ͻ 0.05), and myotube volume (ϩ21%, P Ͻ 0.05) compared with control myotubes (Fig. 5) . FBS treatment did not induce cell proliferation, as assessed by nuclear counting (control group: 989 Ϯ 26 nuclei/image; ϩFBS group: 1,045 Ϯ 91 nuclei/image; ϩFBS/ϩCX-5461 group: 1,052 Ϯ 59 nuclei/ image; data not shown). Pretreatment with CX-5461 completely inhibited the FBS-induced increase in total RNA content (Ϫ5% compared with vehicle control), protein synthetic rate (Ϫ9% compared with vehicle control), and myotube volume (ϩ2% compared with vehicle control) (all P Ͼ 0.05 vs. control). CX-5461 had no effect on cell viability relative to vehicle-treated control cells as determined by MTS assay (P Ͼ 0.05 between treatment conditions; data not shown) (Promega, Madison, WI).
DISCUSSION
Here, using K-means cluster analysis on a cohort of 42 older adults, we show that there is a widely divergent hypertrophic response to short-term RT. This interindividual response heterogeneity to a standardized RT program has been reported in numerous studies (7, 13, 22, 31, 38) , but the molecular mechanisms governing this phenomenon have yet to be fully understood. Based on previous studies, it appears that the magnitude of RT-induced skeletal muscle hypertrophy is not determined by the magnitude of change in circulating hormones or acute increases in myofibrillar protein synthesis shortly after a single resistance exercise bout (31, 32) . Instead, the magnitude of RT-induced hypertrophy seems to be at least partly associated with processes such as the extent of mTOR activation following a bout of resistance exercise (29, 31, 45) , as well as the extent of myonuclear addition following long-term RT (36) . In the current study, we contribute to the understanding of potential mechanisms regulating RT-induced hypertrophic response heterogeneity by providing data that implicate ribosome biogenesis as a likely key regulator. The evidence provided here suggests that augmented RT-induced ribosome biogenesis may support increased muscle protein synthesis over time and thus help maximize the hypertrophic adaptation to RT.
Recently, it has been found that skeletal muscle ribosome biogenesis is impaired in older mice that are subjected to synergist ablation (26), and we have also shown that markers of ribosome biogenesis appear to be blunted in older humans following an acute bout of resistance exercise (42) . We suggest that this blunted ribosome biogenesis response in the elderly is a possible cause of their impaired hypertrophic response to long-term RT compared with young. The findings of the current study show that a subset of older adults who have a remarkable hypertrophic response (i.e., Xtr, ϩ83% type II CSA) also significantly increase rRNA content (ϩ40%) following short-term RT. These findings suggest increased ribosome biogenesis facilitates extreme hypertrophy in these older adults. Furthermore, previous data from our laboratory and others suggest the magnitude of ribosome biogenesis may be predictive of the hypertrophic response irrespective of age. For example, using a K-means cluster analysis on a cohort of 66 younger and older adults, we have previously shown that the individuals clustered as Xtr after 16 wk of training have a significant increase in total muscle RNA content 24 h after the first full exercise bout (ϩ26%) (25) . Similarly, in a small group of 14 young adults, Figueiredo et al. (16) showed that there was a significant positive correlation between the fold change in total muscle RNA content from pre-to post-RT and the percent increase in muscle CSA after 8 wk of training. These data support the concept that enhanced ribosome biogenesis following mechanical loading may help facilitate a maximal hypertrophic response, irrespective of age.
The process of ribosome biogenesis is extremely complicated. Synthesis of a single functional ribosome requires transcription to produce four rRNAs (28S, 18S, 5S, and 5.8S rRNAs) and production of ϳ80 ribosomal proteins. Hundreds of molecules are involved in the production, assembly, and transport of the ribosome, and these processes are tightly regulated at many levels. A major rate-limiting step in ribosome biogenesis is the production of rRNA (28) . In the current study, we show that only the Xtr cluster increased muscle rRNA content after 4 wk of RT (ϩ40%). Because ribosome biogenesis requires the production of both rRNA and ribosomal proteins, we examined whether levels of select ribosomal proteins were also increased in Xtr following RT. Previous microarray data from our laboratory (46) and others (38) show that individuals with the greatest hypertrophic gains following RT seem to have higher baseline levels of ribosomal protein mRNAs, which might be expected to be translated into higher amounts of ribosomal proteins following a loading stimulus. However, none of the clusters significantly increased the abundance of any ribosomal proteins that we assessed following RT. It is possible that there is a sufficient basal pool of ribosomal proteins to support RT-induced ribosome biogenesis and subsequent hypertrophy, but that production of rRNA may be rate limiting. On the other hand, because we only measured levels of 4 of the Ϸ80 known ribosomal proteins, we may have missed potential RT-induced changes in the abundance of several other ribosomal proteins that were not measured. Nevertheless, the robust increase in rRNA in the Xtr cluster is likely a major contributor to augmented RT-induced ribosome biogenesis in this group, since rRNA constitutes Ϸ60% of the molecular weight of the entire ribosome (33) .
In an effort to better understand the mechanisms regulating the RT-induced increase in ribosome biogenesis, we examined upstream cell signaling pathways. Activation of the mTOR pathway is required for load-induced skeletal muscle hypertrophy (9) , and the extent of phosphorylation of its downstream target, p70S6 kinase, appears to be predictive of the magnitude of muscle hypertrophy with long-term RT (29, 31, 45) . Activation of mTOR can induce muscle hypertrophy via increases in both translational efficiency and translational capacity. In vitro, it has been found that mTOR activation can regulate myotube hypertrophy by phosphorylating Rb, thus releasing UBF and allowing it to be available for Pol I holoenzymemediated rDNA transcription (34). In the current study, we did not find any cluster differences in Rb phosphorylation or UBF Values are means Ϯ SE. Non, nonresponders; Mod, moderate responders; Xtr, extreme responders; M, male; F, female; CSA, cross-sectional area; BCAA, branched-chain amino acids. *Significant change from pre-to postresistance exercise training, P Ͻ 0.01 (main effect of time). †Significantly different from week 0 within the same group, P Ͻ 0.01.
content from pre-to post-RT, although total levels of UBF tended to modestly increase in the entire cohort of subjects following RT. Thus, it does not appear that changes in Rb phosphorylation or UBF content were important in regulating the cluster differences in RT-induced rRNA production. Another aspect of mTOR signaling that regulates ribosome biogenesis is its ability to drive selective translation of c-Myc mRNA (49), which is a major transcription factor that directly enhances Pol I-mediated transcription of rDNA (18) . Interestingly, in the current study, we found that the Mod and Xtr clusters increased total c-Myc protein levels to a greater extent than Non following 4 wk of RT. These data are in support of our previous microarray findings, which show that, in a different cohort of subjects, individuals clustered as Mod and Xtr have higher basal levels of n-Myc and c-Myc transcripts (46) . This elevation in c-Myc protein content in the Mod and Xtr responder clusters following RT is a novel finding that leads us to suggest c-Myc-driven increases in ribosome biogenesis may facilitate RT-induced myofiber hypertrophy. It is important to note that recent evidence suggests that the resistance exerciseinduced upregulation of c-Myc (and several other regulators of ribosome biogenesis) is not entirely dependent on mTOR signaling (48) . Thus, we cannot be sure whether increased c-Myc protein levels in the Mod and Xtr clusters following RT were due to heightened mTOR signaling in these subjects. Regardless of the mechanism(s) regulating this augmented c-Myc response to RT, our data suggest that c-Myc may be a critical regulator of RT-induced ribosome biogenesis and myofiber growth.
Similar to mTOR, activation of the Wnt/␤-catenin pathway occurs in response to mechanical loading, and is required for overload-induced hypertrophy (5, 6) . Interestingly, ␤-catenin also regulates c-Myc expression, but at the level of transcription (21) . Thus, given the differential magnitude of change in c-Myc protein accumulation among clusters, we sought to examine if upstream Wnt/␤-catenin signaling was altered. ) and total ␤-catenin levels were significantly decreased from week 0 to week 4 (both approximately Ϫ30%) in the entire cohort of subjects. We did not collect acute response samples following the initial exercise bout and thus do not know whether ␤-catenin levels were altered (up or down) acutely. However, we did find that protein content of the Wnt receptor Fzd1 tended to increase only in the Xtr cluster (approximately ϩ40%) from pre-to post-RT. Despite there being no cluster differences in ␤-catenin levels, increased Fzd1 receptor abundance in the Xtr cluster may have allowed for an augmented downstream Wnt/␤-catenin signaling response to any subsequent mechanical loading event, and perhaps enhanced ␤-catenin-mediated c-Myc transcription. Overall, because cMyc is required for activating rDNA transcription in response to mitogenic stimuli (4), it is likely that the observed increase in RT-induced c-Myc production contributed to a heightened ribosome biogenesis response in the Mod and Xtr clusters.
An interesting observation in the current study is that only the Xtr cluster experienced significant myonuclear addition to type II myofibers (Ϸϩ30%) following just 4 wk of RT. This is consistent with our previous report showing that individuals with the greatest magnitude of myofiber hypertrophy following 16 wk of training also had the greatest extent of myonuclear addition (36) . Whether myonuclear addition is required for load-induced muscle hypertrophy is debatable; however, some suggest a myonuclear domain threshold that may demand myonuclear addition in order to hypertrophy any further (1) . The myonuclear domain concept has been discussed for decades (20) , suggesting that, within a multinucleated myofiber, each nucleus services a specific domain of the myofiber. Based on the data from the current study, we hypothesize that a major purpose of RT-induced myonuclear addition is to provide more rDNA template to facilitate ribosome biogenesis, which may be required to support the increased cytoplasmic volume of the growing myofiber. Because rRNA is required for ribosome biogenesis, a critical size limit of the myonuclear domain makes sense because eventually, with no nuclear addition, rRNA transcription and diffusion throughout the myofiber would inevitably be impaired, halting hypertrophy due to an insufficient amount of translational machinery. While increased translational efficiency may help compensate for the increased myofiber size, it may not be enough to allow further myofiber growth without an increase in ribosome number. In the current study, the increases in rRNA in the Xtr cluster are coupled with significant myonuclear addition, suggesting that myonuclear addition may have played some part in augmenting ribosome biogenesis in these subjects.
While our in vivo data support the hypothesis that ribosome biogenesis likely plays an important role in regulating the magnitude of RT-induced myofiber hypertrophy, it is difficult to determine whether increased ribosome biogenesis is completely necessary. Thus, we used an in vitro model of myotube hypertrophy (FBS stimulation) to explore this question. Here, we show that treatment with a Pol I-specific inhibitor (CX-5461) effectively knocks down de novo human myotube rRNA production, and abolishes the FBS-induced hypertrophic response. These data are in agreement with those from Nader et al. (34) , which show that rapamycin treatment blocks FBSinduced increases in myotube Rb phosphorylation and UBF availability, as well as total RNA content and hypertrophy. It cannot be determined from the study by Nader et al. whether the rapamycin effects were due primarily to reduced mTORmediated changes in translational efficiency or capacity. The present findings indicate translational capacity is central to the myotube hypertrophic response. In support of our findings, West et al. (48) have recently shown that inhibiting c-Myc in C 2 C 12 myotubes significantly blunts ribosome biogenesis and protein synthesis (but not acute protein synthesis following an anabolic stimulus), demonstrating that c-Myc regulates muscle ribosome biogenesis, and that the process of ribosome biogenesis is crucial for maintaining myotube protein synthesis. To complement our current findings, future studies should examine the effects of the Pol I inhibitor CX-5461 during a more physiologically relevant scenario, such as overload-induced hypertrophy, and whether blocking Pol I differentially affects hypertrophic responses in young and aged muscle.
While the data presented here are novel, they are not without limitation. First, as with most human muscle biopsy trials, the timing of the biopsies is a limitation to the findings. We chose to examine biopsies obtained after just 4 wk of RT in an effort to examine the mechanisms by which muscle grows early on in response to a hypertrophic stimulus. It would have been optimal to also obtain and analyze biopsies after the first single resistance exercise bout, along with later time points following long-term training. These biopsies would have enabled us to examine acute cell signaling events that may play a role in regulating the disparate RT-induced hypertrophic response, and allow us to track whether individuals in the Non group could hypertrophy with longer-term training, or if Mod and Xtr could continue to hypertrophy even further. Another limitation of the current study is that we only assessed specific markers of ribosome biogenesis, not the entire process. Undoubtedly, it would be extremely difficult to comprehensively assess the entire process of ribosome biogenesis, since synthesis of a single ribosome requires 4 rRNAs, Ϸ80 ribosomal proteins, and hundreds of accessory molecules. Although we did find cluster differences in RT-mediated changes in rRNA content, we did not observe any cluster differences in RT-induced changes in the few ribosomal proteins assayed (only 4 out of Ϸ80 total). Interestingly, we did find that basal levels of rpL3 tended to be Ϸ20% higher in the Xtr group compared with Mod and Non. Recently, it has been shown that transcript levels of rpL3 are expressed at very low levels in skeletal muscle compared with other tissues (47) , but that its expression is highly upregulated in response to mechanical overload (11) . The importance of this specific ribosomal protein in skeletal muscle is not yet known, and it is a prime example of "ribosome heterogeneity," demonstrating that not all ribosomes in all tissues/cells are compromised of the same molecules (reviewed in Ref. 39) . Future research should attempt to examine if there are RT-induced changes in any of the Ϸ80 ribosomal proteins that were not measured in the current study, and examine if the ribosomes produced during RT are functionally different from ribosomes in untrained muscle.
In conclusion, we show here that older adults who have a robust hypertrophic response to short-term RT significantly increase rRNA production, a major rate-limiting step in ribosome biogenesis. The increased rRNA production in this cohort was accompanied by remarkable c-Myc accumulation during RT (possibly via enhanced mTOR and/or Wnt/␤-catenin activation), as well as substantial myonuclear addition. These data suggest that augmented ribosome biogenesis may help facilitate maximal RT-induced muscle hypertrophy in older adults, a population we have recently shown to have a blunted ribosome biogenesis response to a single bout of resistance exercise (42) . Finally, we show that inhibiting de novo ribosome biogenesis with a Pol I-specific inhibitor blunts growth factor-induced increases in myotube size in vitro. It would be of great value to further explore the upstream regulators of load-induced skeletal muscle ribosome biogenesis, and to determine to what extent ribosome biogenesis is required for human muscle hypertrophy.
